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Abstract 
Based on the customer’s product recognition sustainability and environmental protection become key sales arguments within the automotive 
industry. Thereby the customer expects reduced resource consumptions, environmental friendly manufacturing and an optimised long customer 
usage phase. Especially product reliability saves resources in many ways. Manufacturer product reliability is associated with higher 
development and production costs, but, especially in industries with high innovation rates, customer usage is limited to the product actuality, 
which leads to two key questions: a. How much product reliability and, in addition, customer usage makes sense out of the view of 
manufacturers, customers and environmental protection? b. How to refurbish used components by integration of the recycling process into the 
manufacturing layout of the OEM (Original Equipment Manufacturer)? Furthermore, the main interest is the determination of the quantitative 
impact of reliable products regarding to the reduction of resources. 
At first, this paper discusses the requirements and impacts of the product recycling integration in OEM manufacturing plants. Afterwards the
paper outlines the “Collaborative development, manufacturing and field verification for higher product reliability towards sustainability 
(CDMF-RELSUS) concept” focusing on influences and interdependences of the product development, the manufacturing planning and the field 
observation regarding to the integration of recycling and refurbishing principals into the original manufacturing processes of the successor 
product (new product generation). 
© 2014 The Authors. Published by Elsevier B.V. 
Selection and peer-review under responsibility of the International Scientific Committee of the 21st CIRP Conference on Life Cycle 
Engineering in the person of the Conference Chair Prof. Terje K. Lien. 
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1. Introduction 
As we proposed in [11], sustainability and environmental 
protection become key sales arguments, especially within the 
automotive industry: Thereby the customer expects reduced 
resources consumptions, environmental friendly 
manufacturing, optimised usage and assortment of raw 
material and long customer usage phase (product reliability). 
In the opposite, the customer expects functionalities, 
innovations and modern equipment regarding to a new 
automobile. In summary the customer wants a product with a 
high quality for use. These requirements are all required by 
the customer. But in general, valid for all product branches, 
there are some preconditioned product characteristics, which 
none of the customers would directly express in a quantitative 
way: Reliability, quality and basic functions.  
Especially product reliability saves resources in many 
ways: Prevention of manufacturing new products at an early 
stage, reducing logistic costs or reducing spare parts. 
Manufacturer product reliability is associated with higher 
development and production costs, but, especially in industries 
with high innovation rates, customer usage is limited to the 
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product actuality. Therefore there are three key questions with 
respect to this conflict area:  
a. How much product reliability and, in addition, 
customer usage makes sense out of the view of manufacturers, 
customers and environmental protection?  
b. What is the quantitative impact of reliable products 
regarding to the reduction of resources? 
c. How to integrate refurbishing and recycling 
processes in the manufacturing plant of OEM? 
To increase the customer usage phase in innovative 
industries enhanced development strategies have to be 
implemented to ensure long customer usage, environmental 
protection and economical aspects. One strategy is the 
development of reliable (increase of product reliability) and 
upgradeable products. Through the upgrade capability 
additional functions or efficient components can be integrated 
or replaced over the customer usage phase, which leads to an 
extension ([1]; cf. Fig. 1). Precondition is an adjustment of the 
manufacturing planning regarding to the production of wear 
parts and remanufacturing possibilities with regard to the 
extended use phase. Finally, the verification of the product 
reliability - and therefore the sustainable product concept - can 
be based on field data. One aspect more is the question of 
integration of the recycling and refurbishing processes into the 
original manufacturing plant. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1: Level of customer´s product requirements versus successor 
development ([1], [11]). 
 
Therefore the main challenge regarding to future 
environmental products is: What are the influences and 
interactions of product development, manufacturing and use 
phase with respect to the goal of integration of recycling 
manufacturing processes in the OEM plant layout. The paper 
discusses the parallel manufacturing of new and refurbished 
products in the same plant. The base of operation is the 
principals and requirements of the impact “Recycling 
integration at the OEM” (cf. chapter 2). Afterwards the paper 
discusses the impacts of development, manufacturing and use 
phase with regard to the recycling integration (cf. chapter 3 
and 4). 
2. Impact of product recycling integration in OEM 
manufacturing plants 
Various green legislations are forcing OEMs to take back 
their used, end-of-life products or products under warranty to 
minimise wastes and conserve resources [12]. To integrate 
product recycling manufacturing process in an original 
manufacturing process; the critical concern is the product 
design. Used products can be disassembled, and after some of 
their parts are repaired, they can be used in the production of 
new products only if these issues are considered in the design 
stage. A product family is generally considered to be a group 
of similar products that are all derived from a common 
product platform [13]. In order to use such a concept to help 
companies create product variety, these platform modules 
have to be well defined and implemented. OEMs may 
consider a small percent of their product platform’s recycling 
process to integrate in an original manufacturing process to 
keep their market share among their competitors and retain 
customer loyalty.  
Franke et al. apply discrete-event simulation to support the 
planner in the periodic adaptation of an existing 
remanufacturing facility under quickly changing product, 
process, and market constraints [14]. Uncertainties regarding 
quantity and conditions of mobile phones, reliability of 
capacities, processing times, and demand are considered. 
Ferrer and Swaminathan introduce the monopoly environment 
in two-period and multi-period scenarios to identify 
thresholds in remanufacturing operations [15]. 
Several benefits can be gained by integrating product 
recycling in OEM manufacturing plants, such as savings in 
energy, savings in virgin materials use, reduction in air 
pollution and reduction in consumer wastes generated from a 
general point of view. Also, manufacturer may take the 
advantage of working with service/maintenance centers as 
potential suppliers. Once the product line that includes 
remanufactured and new products is well designed, it may 
lead to increase market share while sustaining a high profit 
margin. However, to develop cost effective and 
environmentally friendly recycling systems; it is important to 
identify and quantify valuable materials, hazardous 
substances, and also define the physical characteristics of the 
waste stream. 
The criterions for the integration in a manufacturing layout 
can be stated as follows: 
x Determining life span, durability and value life, of new 
and used modules,  
x Work instructions and assembly times for new and used 
modules, 
x Quality specifications,  
x The costs for materials handling, inventory, 
manual/automatic assembly, fixed, and reprocessing for 
used modules, 
x Variable demand for finished product.  
Dealing with non-homogenous and complex work stations 
to process new and used modules is a challenging task. 
Determination of used component characteristics may require 
excessive time and qualified employees. Further, new work 
instructions should be generated and workers should be 
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trained on variety of product modules. Figure 2 summarises 
the decision making process before integrating product 
recycling in original manufacturing plants also presents the  
 
Fig. 2: Determination of used product modules to integrate the original 
manufacturing process 
 
importance of redesigning the product line if the used 
module requires changes related with new process, layout or 
training of workers. If the required costs associated with 
redesign of the system exceeds the acceptable then discarding 
the used modules can be considered.   
The issues such as, the statistical distributions for used 
module arrival to the system, uncertainties to forecast the 
customer demand for finished products, and detailed multi-
period layout of the production line should be clarified before 
integrating product recycling aspects at the OEM production 
line. Figure 3 illustrates basic examples to integrate used 
modules along with the new modules. The difficulty of the 
production line design is associated with the stochastic nature 
of the used product module arrival. Also, to meet the defined 
quality specifications of the finished products, additional tests 
and measurements may be required. There is a necessity to 
assess possible multi-period scenarios by using discrete 
simulation models. To ease the management of the 
production, line balancing problem should also be addressed.  
3. Main thesis and goals of the CDMF RELSUS concept 
under precondition of layout integration at the OEM 
The focus of this paper is the main thesis “A reliable 
product is also a sustainable product from the ecological point 
of view.”  
With regard to the substantiation of this thesis, the main 
pros and cons are as follows: 
Pro: A reliable product with a long useful life span area 
saves the following resources: Spare part production, spare 
part distribution, reuse of components (recycling), disposal of 
used parts, logistic efforts et cetera. 
Con: A reliable product with a long useful life span area 
inhibits cycles of innovation with regard to their functionality 
and it inhibits clean technology regarding to the interaction 
with the environment during the use phase. 
 
The Chair of Safety Engineering and risk management 
(University of Wuppertal) in cooperation with the Meiji 
University (Department of Mechanical Engineering 
Informatics), University of Electro-Communications 
(Department of Informatics) and the Eskisehir Osmangazi 
University (Department of Industrial Engineering), contrasts 
traditional with extended, environmental friendly 
development approaches in relation to economical and 
environmental aspects and useful customer usage phase. 
 
 
 
 
 
 
Example a: An original production line design  
 
 
 
 
 
 
 
 
Example b: Production line design using new or used product module arrivals 
 
 
 
 
 
 
 
 
 
Example c: Production line design with new and used product module arrivals  
 
Fig. 3: Integration Examples (a) An original production line design, (b) 
Production line design using new or used product module arrivals, (c) 
Production line design with new and used product module arrivals 
 
The main thesis “Reliable products are sustainable 
products” will be substantiate: This paper outlines the 
“Collaborative development, manufacturing and field 
verification for higher product reliability towards 
sustainability (CDMF-RELSUS)” concept under consideration 
of integration of product recycling on manufacturing lines at 
the OEM. The focus is on influences and interdependences of 
the product development, the manufacturing planning, the 
integration in original manufacturing processes and the field 
observation regarding to the successor development (new 
product generation).  
4. The CDMF-RELSUS concept with layout integration 
The CDMF-RELSUS concept deals with three points of 
view to evaluate a product regarding to the thesis “Reliable 
products are sustainable products” involving the layout 
integration as discussed in Chapter 2. The three evaluation 
directions are as follows: 
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1. Impact of product design: Development of reliable 
products in contrast to product innovation cycles and 
reparability during use phase. 
2. Impact of manufacturing planning: Analyse of 
machines/ facilities/ materials/ suppliers/ material 
flow during manufacturing (water, electricity, 
operating fluids, additives etc).  
3. Impact of use phase: Verification of product 
reliability in the use phase; allowance of product 
recycling efforts regarding to the end of product´s life 
span area. 
This paper shows also the detailed aspects and 
requirements of the impact of recycling integration in OEM 
manufacturing plants (cf. chapter 2). The main three CDMF-
RELSUS impact factors are substantiated now by analysing 
their relationship and interdependencies regarding to the 
recycling integration in the following chapters. 
4.1. Impact of product design 
In order to integrate product recycling manufacturing 
process in an original manufacturing process, repairability and 
upgradability of the products should be discussed. The 
efficiency of the disassembly and the assembly of the products 
are very important factors for repairability of the products. On 
the other hand, the customers often discard the products 
because of the functional obsolescence before the end of their 
physical life such as durability life even though used modules 
can be repaired. Therefore, the two types of the product life: 
the durability life and the value life should be considered for 
the sustainability of the product. Design for upgradability 
enables products to be used for longer than their conventional 
counterparts [2]. Figure 4 shows deterioration of a product 
value over time and the extension of the value life through 
upgrading to deal with obsolescent functionality. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4: Extension of the value life by upgrade. 
 
When considering the issue of the design for upgradability, 
product modules are classified as target modules for upgrade 
and platform modules as constant sub-system. It is required 
that the platform modules have high reliability and can adapt 
to the various changes during product lifetime. However, one 
of the difficulties of design for upgradability involves the 
prediction of future trends such as technological development 
and market movements; therefore upgradable products must 
be robust against such future uncertainties [3]. The other 
difficulty is the over-specification problem of the platform 
modules for adaptability of the upgrade. Therefore, this 
research project needs to consider the multi-objective 
evaluation including over-specification of the platform 
modules, cost, durability life, value life, and the total 
environmental loads. 
 
Therefore, a checklist overview regarding to the evaluation of 
the impact of the product design for product recycling 
manufacturing layout could be verbalised as follows: 
x Design of platform modules concerning the degree of the 
adaptability for upgrade and the reliability for recycle, 
x Design of modules concerning durability life, value life, 
and environment loads. 
x Repairability for used modules during use-phase 
(Example: Automobile accident, crash, a small amount of 
parts damaged lead to a change of the whole module, lead 
to an impact on resource consumption during use phase),  
x Resettability during the design phase: assortment of 
materials,  
x Innovation cycle: upgrade capability to assure 
attractiveness during a long lifetime,  
x Consideration of energy consumption due to provided 
modules/materials during possible assembly processes 
(Example: design engineer determines a high energy 
consumption by choosing special aluminium alloy. 
 
4.2 Impact of manufacturing planning 
Similar to [11], the highly reliable products for the 
sustainability should be also discussed and drawn by the 
layout integration of the CDMF-RELSUS in terms of the 
product lifecycle management by supply chains [4][5][6]. The 
layout integration is involved and addressed at the 
“production (assembly)”, “collection” and “disassembly” in 
the engineering process and the closed-loop supply chains. 
By using the layout integration proposed in this paper, the 
highly reliable products have higher potentials and feasibility, 
not only economically but also environmentally, to reduce and 
plan the environmental load for the whole product lifecycle 
when they are developed, designed [7] and managed. For 
example, the feasibility from the viewpoint of an economic 
aspect would be improved if they can be processed for 
multiple product lifecycles in the layout and worker training 
plans including material handling [8] as mentioned in Chapter 
2. 
4.3 Impact of use phase 
The impact of the use phase regarding to the product 
recycling manufacturing layout a can be divided into two 
influences: 
Time
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a) Verification of product reliability during the use phase, 
b) Analyses of the intended end of the product´s life cycle: 
product recycling or material recycling. 
Product field observation during the use phase is important 
for the verification of the product reliability. One way for a 
quantitative verification is the determination of failure rates 
and probabilities depending on life span variables, load cycles 
and use conditions. The field data source is guarantee and 
goodwill data regarding to damage cases, which are collected 
by members (garages) of the trade organisations. Therefore, 
the focus of the reliability verification within the field product 
monitoring is the application of the statistical reliability 
analysis and interpretation of failure data. A comprehensive 
approach for the determination of field risks regarding to 
product fleets in field and process was developed by [9] and 
[10]: Statistical methods and organisational processes are 
integrated in the developed approach “Risk Analysis and 
Prognosis of complex Products (RAPP)” [10]: The main focus 
of the RAPP approach is the detection, visualisation and 
prognosis of risks and damage cases depending on their life 
span variables regarding to a product fleet - based on a risky 
production batch - in field, in detail: 
x Comprehensive mapping of the component failure 
behaviour in terms of damage causes and differences of 
affected production batches, product optimisations 
(component changes), climatic influences and regional 
influences (through customer usage), 
x Detailed and full statistical mapping of product fleet life 
span variables, 
x Interpretation of the statistical analysis results regarding 
possible failure behaviour, 
x Prediction of possible future damage causes in the use 
phase and minimisation of replacement parts within the 
product´s life cycle, 
x Reflection of knowledge out of the reliability analysis into 
the value added network (e.g. Lessons-learned-method) 
for the long term goal of sustainable product 
improvement, 
x Verification of the efficiency of introduced actions for 
troubleshooting, e.g. in the field or in the current product 
generation. 
 
The result of the RAPP approach application with regard to 
product fleets in the use phase is as follows: 
x Detection of specific risks regarding to a product fleet in 
field, which is based on a risky production batch. 
x Prognosis of the future amount of units at risk depending 
on their life span variables (e.g.: operating, switching 
cycles), operation time or operation parameters. 
The RAPP approach provides the calculation of three 
characteristics: 
x PRPF: Risk probability regarding the product fleet,  
x f(x)DA: Probability function of damage appearance (DA) 
PRPF-Prog: Prognosis of the future risk probability (RPF-
Prog). 
 
These three risk characteristics regarding to the product 
fleet enables the layout designer to calculate recycling and 
refurbishing capacities. Based on the capacities it is possible 
to choose the proper layout model and variant (cf. chapter 2; 
cf. fig. 2).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7: Different strategies and subsequently different outputs for intended 
product life cycle end ([1], [11]). 
 
Furthermore, the second part of the impact of the use phase 
is the end of the product´s life cycle. There are two basic 
strategies for influencing the interaction between product and 
environment: product recycling or material recycling (cf. fig. 
7; [1]). Depending on the chosen strategy - product recycling 
or material recycling - the influence depends on the output 
(repaired/refreshed products, replacement products or 
secondary raw material) and the interaction regarding to 
possible environment pollution is to analyse.  
5. Conclusion 
The “Collaborative development, manufacturing and field 
verification for higher product reliability towards 
sustainability (CDMF-RELSUS) concept” shows aspects, 
influences and strategies to substantiate the thesis “A reliable 
product is also a sustainable product from the ecological point 
of view.” This paper shows the impact and requirements of 
the technical discipline recycling integration layout planning 
regarding to the CDMF-RELSUS concept. Furthermore the 
relationship, complexity and the interdependences between 
layout planning and the other three “classical” impacts 
product design, manufacturing planning and the use phase is 
shown.  
The CDMF-RELSUS concept is a first base of operation 
for the development of a model, which combines the 
characteristics of sustainability and reliability regarding the 
comprehensive design of new product and product life cycles. 
Future research work will contain case studies and design 
examples, which can be adopted to validate the proposed 
concept of this paper. Based on full CDMF-RELSUS concept 
and the case study, a guideline will be developed, how to 
consider verified product reliability based on field data in the 
successor development (Lessons Learned strategy). 
Furthermore, the guideline includes checklists and criterions 
regarding the development process of new product 
generations in consideration of sustainable design, recycling 
integration and manufacturing planning.  
product recycling
replacement manufacture of parts
replacement product fabrication
(product identification disappears)
product repair
(product identification is preserved)
material recycling
pre-
disassembling
pre-
fractionation fractionationshredding
shredding fractionation
input
- old 
products
output
- secondary 
raw material
output
         - repaired product
output
     - replacement assembly
     - replacement product
output
- refreshed components
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